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A measurement of the analyzing power Ay of the pd (pp) + n reaction was carried out at the 
ANKE spectrometer at COSY at beam energies of 0.5 and 0.8 GeV by detection of a fast forward 
proton pair of smaU excitation energy Epp < 3 MeV. The S'-wave dominance in the fast diproton is 
experimentally demonstrated in this reaction. While at Tp = 0.8 GeV the measured analyzing power 
Ay vanishes, it reaches almost unity at Tp = 0.5 GeV for neutrons emitted at S^™' — 167°. The 
results are compared with a model taking into account one-nucleon exchange, single scattering, and 
A (1232) excitation in the intermediate state. The model describes fairly well the unpolarized cross 
section obtained earlier and the analyzing power at 0.8 GeV, it fails to reproduce Ay at 0.5 GeV. 

PACS numbers: 24.70.+S, 25.10.+S, 13.75.Cs 



The structure of the lightest nuclei at short distances 
{tnn < 0.5 fm) or high relative momenta {q > 1/rjvAr ^ 
0.4 GeV/c), and the closely related nucleon-nucleon 
(NN) interaction constitute fundamental problems in 
nuclear physics. Experimental investigations employ pro- 
cesses where the momentum transfer to the nucleus is 
large (Q ~ 1 GeV/c). Most of our present knowledge 
about the structure of the deuteron has been obtained 
from electromagnetic probes. The existing data on elastic 
electromagnetic deuteron form factors for Q < 1 GeV/c 
are in reasonable agreement with NN models based on 
the exchange of mesons 0, 0. The situation above 
Q ^ 1 GeV/c becomes much less clear due to increas- 
ing contributions from meson-exchange currents (MEG) 
in ed interactions and theoretical uncertainties in their 
treatment. Moreover, meson-exchange models have dif- 
ficulties to explain photo-disintegration data (7 d — *■ np) 
for energies E-y > 1 GeV Models based on quark 
degrees of freedom have recently become quite successful 
in describing the data 0. 

Independent information about the short-range struc- 
ture of nuclei can be obtained from hadronic interac- 
tions at large q. However, the study of the simplest 
processes in the GeV region, pd — > dp as well as 
inclusive {dp — > pX 0) and exclusive (pd ppn 0) 
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deuteron disintegration turned out to be not conclusive 
in this respect 'ill. It is therefore important to obtain 
new data under conditions that make the theoretical in- 
terpretation more transparent. Recently, the unpolarized 
cross section of the pd — > {pp)n reaction was measured 
at proton beam energies Tp — 0.6 to 1.9 GeV in a kine- 
matics similar to backward pd elastic scattering with 
formation of a fast diproton in a ^ 5*0 state at low excita- 
tion energy {Epp < 3 MeV). At high Q, near threshold 
deuteron electro-disintegration d{e, e')pn ;9,| and single 
pion production, pp — > ppn^ 10| and pn —> {pp)tt~ [11|, 
constitute prominent examples for the observation that 
substitution of an ordinary deuteron in the final state 
by a singlet deuteron or its isotriplet partner, the dipro- 
ton, will give new insight into the reaction dynamics. 
In pd — > {pp)n, the diproton provides two new features 
which are absent for isosinglet nucleon pairs 0, 0, Q| • i) 
The contribution from three-body forces, related to two 
isovector meson exchanges, in particular the excitation of 
A and N* resonances in the intermediate state, is sup- 
pressed by the isospin factor of 3 in the amplitude of this 
process Uj. This suppression is of relevance, because 
the theoretical interpretation of three-body effects in 
hadronic reactions encountered problems similar to those 
of MEG in electromagnetic processes [ll[ll[llll3. ti) 
The 5-wave dominates in the internal state of the dipro- 
ton at Epp < 3 MeV. Due to the repulsive NN core, the 
^So diproton wave function iKm{q) has a node at relative 
pp momenta q « 0.4 GeV/c [ig, leading to a distinct en- 
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ergy dependence of various polarization observables [l7| 
that helps to identify the dominant reaction mechanisms. 
The recent analysis |0 of the pd — > (j)p)iSgn cross sec- 
tion, based on a model for the pd dp process [l3). 
includes the one-nucleon exchange (ONE), single scat- 
tering (SS), and double pN scattering with excitation of 
a A(1232) isobar. This analysis accounts for initial and 
final state interactions and employs modern NN poten- 
tials, based on the exchange of mesons, e.g. CD-Bonn 
[l^ . A reasonable agreement with our recent data 
is achieved. In contrast, the widely used NN poten- 
tials like the Pari s 1201 and especially the Reid Soft Core 
(RSC) potential |21j lead to a strong disagreement with 
the data. These potentials apparently overestimate the 
high-momentum components of the NN wave function 
'>1'nn (q)- Another approach, using the ONE mechanism 
only [221, which is based on relativistic P-waves in the 
diproton and deuteron also explains the data [1| . 

New information about this reaction can be obtained 
from measurements of polarization observables. Here we 
report about the first measurement of the vector analyz- 
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ing power Ay at Tp 



P 



= 0.5 and 0.8 GeV of the reaction 

{pp)iSo+n, (1) 



where {pp)iSo denotes a fast proton pair emitted in the 
forward direction with small excitation energy Epp < 
3 MeV. The two beam energies were chosen because of 
the difference in the reaction mechanisms predicted by 
the model While at 0.5 GeV the contribution from 
the A excitation is comparable to that from ONE, at 
0.8 GeV the latter is completely eliminated due to the 
node in the pp wave function ippp{q) and hence the pro- 
cess is governed by the A mechanism. Each mechanism 
under consideration alone yields an almost vanishing an- 
alyzing power. Because of their interference a substantial 
Ay arises, which is expected to decrease with increasing 
beam energy between Tp = 0.5 and 0.8 GeV. 

The experiment was performed at the ANKE spec- 
trometer (i^l at the internal beam of COSY-Jiilich 
with about 3 • 10^ stored vertically polarized protons. 
The experimental setup is shown in Fig. ^ The For- 
ward Detector (FD) measured proton pairs from the 
deuteron breakup and single protons, scattered at small 
angles from pd pX. The Silicon-detector telescope 
(SDT) recorded recoil deuterons from small-angle elastic 
pd scattering. The FD |2^ |2^ comprises a set of three 
multi-wire proportional chambers (MWPCs) and a two- 
plane scintillation hodoscope, consisting of vertically ori- 
ented counters (8 in the first plane, 9 in the second). 
The acceptance of the setup (Fig. allows one to detect 
protons from quasi-elastic scattering from 9iah — 4.5° to 
10° at Tp = 0.5 GeV and 0.8 GeV. The vertical accep- 
tance corresponds to ±3.5°. Protons from the breakup 
reaction with Epp < 3 MeV are detected from 9iah — 0° 
to 6.5° at both energies, the polar angles of the proton 
pairs range from 0^^- = 0° to 14°. The uncertainty in 
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FIG. 1: Top-view of the ANKE spectrometer with the for- 
ward detector (FD) and the Silicon-detector telescope (SDT, 
see inset) . Diprotons from the breakup reaction stem from the 
region indicated in the distribution of the polar angle projec- 
tion Oxz vs particle momentum (lower right). Protons from pd 
elastic scattering are distributed along the kinematical locus. 



Epp ranges from 0.2 MeV at Epp = Q. 3 MeV to 0.3 MeV 
at Epp = 3 MeV. The SDT consists of three layers of 
silicon counters in the horizontal plane located inside the 
vacuum of the ANKE target chamber. Recoil deuterons 
at angles around ^lab = 90° were detected in the SDT 
in coincidence with elastically scattered protons in the 
FD. The SDT provided an unambiguous deuteron iden- 
tification with a detector resolution of 300 keV. The deu- 
terium cluster-jet [2^ produced a target density of about 
2 • 10^** atoms/cm^ with a target length along the beam 
of 12 mm and a width of 4.9 mm. 

The tracks were reconstructed from the hits in the 
MWPCs, ensuring that they intercept the 0.5 mm Al 
exit window. The three-momentum vectors were deter- 
mined by tracing the particles through the magnetic field 
of the spectrometer |2^ . For two particles hitting differ- 
ent hodoscope counters the correlation of the measured 
time-of-fiight (TOE) difference A^mcas and Ai(pi,p2), 
calculated from the measured three-momenta assuming 
proton masses, allows one to identify charged particle 
pairs from different reactions (Fig. [21). However, proton 
pairs from the deuteron breakup can be identified via 
missing mass without this TOF criterion, as discussed 
in Rcf. 8]. At both energies and for both orientations 
of the beam polarization, the missing mass peak is ob- 
served at the neutron mass M„, yielding (0.938 ± 0.005) 
GeV/c2 (Tp = 0.5 GeV) and (0.935 ± 0.005) GeV/c^ 
(Tp ^ 0.8 GeV). The (rms) peak widths are 16 MeV/c^ 
and 20 MeV/c^, respectively. 

The S-wave dominance in the diproton final state is 
illustrated in Fig. [21 where the acceptance corrected dis- 
tribution of events is shown over the cosine of the proton 
polar angle (cosfl^ ™ ) in the two-proton rest frame with 
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FIG. 2: Proton pairs are identified from the correlation of 
the TOF differences At 

meas 

and At (pi, pi). 



respect to the total momentum of the pair. 
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FIG. 3: Acceptance corrected distribution of events as func- 
tion of cos6lfe'"- for 0.5 GeV (left panel) and 0.8 GeV (right). 

The spin-dependent yield is given by 

Y{0,ct>)ni)^Yo{0)-[l + P^^y Ay{e)- cos ct>], (2) 

where Yq denotes the spin-averaged yield and Pm) the 
absolute value of the beam polarization, oriented along 
the vertical y-axis. (The coordinate system is shown 
in Fig. n) Polar and azimuthal angles d and of the 
breakup reaction are determined from the neutron mo- 
mentum in the cm. system, p„ = —{pi +P2), where pi 
and p2 are the proton momenta. 

The absence of azimuthal symmetry of the ANKE 
spectrometer does not permit one to measure a vector an- 
alyzing power from the left-right count rate asymmetry. 
Therefore, we measured the analyzing power by revers- 
ing every two cycles the orientation of the polarization. 
Careful monitoring of the relative luminosity L^/Li was 
achieved by either detecting single particles in the FD at 
6'iab < 1° or at (/) = 90° ±5° and = 270° ±5°, where the 
rates are insensitive to the vertical beam polarization. 

The beam polarization at Tp = 0.800 GeV was deter- 
mined from precise pd-elastic analyzing power data |29| 



at 0.796 GeV. The pd elastic scattering angles were deter- 
mined from the energy deposit of the identified deuterons 
in the SDT. Since there are no data available at 0.5 GeV, 
we resorted to the polarization export technique 30] to 
obtain a calibrated polarization for 0.5 GeV. This was 
achieved by setting up a cycle with a flat top at en- 
ergy Tp — 0.8 GeV (I), followed by deceleration to a 
flat top at 0.5 GeV (II), and subsequent re-acceleration 
to a flat top at 0.8 GeV (HI). Avoiding depolarization 
during crossing of the resonances, the measured beam 
polarizations Pi = 0.564 ± 0.003""**- ± 0.004"^"*- and 
Phi ^ 0.568 ± 0.004""*'- ± 0.005"^"*- agree within errors. 
The systematic errors arise from the statistical uncer- 
tainty of the relative luminosity. The weighted average 
of Pi and Pm was used to export the beam polarization 
to flat top II and to determine the angular distribution 
of the previously unknown analyzing power of pd elastic 
scattering at 0.5 GeV. A small angle-independent correc- 
tion of —0.0024 was applied in the export procedure to 
account for the 4 MeV difference in beam energy, using 
the energy dependence of Ay between 500 and 800 MeV. 
The analyzing power is determined from 
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where P = (Pt 



Pl)/^ and e{9) is given by 

^ N^{e)/L^-Ni{e)/Li 

N^{9)/L^+Ni{e)/L^ ■ 



(3) 



(4) 



Here N-\^{0)/L-\ and Ni{9)/Li denote the number of 
events in each bin, weighted by the relative luminos- 
ity for each orientation of the beam polarization. Events 
were selected for which \(t>\ < 45°. The average (cos(/))e = 
iVg-^ ^f''(cos0i)e, where Ne = N^{6) + Ni{e), is deter- 
mined from the experimental data for each 9 bin. The 
number of counts and A'^^ were obtained from the neu- 
tron missing mass spectra for proton pairs with Epp < 3 
MeV. The spectra for the two orientations of the beam 
polarization were fitted separately with the sum of a 
Gaussian and a linear function to account for the back- 
ground and the yield was determined within a ±3tT range 
around Af„. The background was subtracted separately 
for each reconstructed missing mass value. The obtained 
values of Ay at 0.5 and 0.8 GeV are shown in Fig. ^ as 
fimction of 6'^-'"- [sj. 

The systematic uncertainty of the analyzing power 
contains contributions from various sources, which were 
all added in quadrature. An upper limit for the difference 
of the beam polarization AP = (P| — Px)/2 = 0.013 was 
determined from a polarization measurement using the 
low energy polarimeter of COSY. The analyzing powers 
change by a factor (1-1- AP-^y)~^, thus leading to a sys- 
tematic error of at most ±0.008. The systematic effect 
on Ay due to the uncertainty of the relative luminos- 
ity L-^/Li does not exceed ±0.003. The total systematic 
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uncertainty of Ay is smaller than 20% of the statistical 
error and never exceeds ±0.02 at all angles. Finite-bin 
corrections to the final Ay amount to at most 0.017, nev- 
ertheless they were applied in all 9 bins. 

The measured Ay is almost zero at 0.8 GeV, in agree- 
ment with the predictions of the ONE-I-SS+ A model. At 
this energy, the calculated Ay is almost insensitive to the 
spin structure of the A-mechanism, which completely 
dominates the process and produces alone a near zero 
value oi Ay. A peculiarity of the data at 0.5 GeV is the 
rapid increase of Ay up to a value of 0.8 in a small angu- 
lar interval from 180° to 167°. (In contrast, in the same 
angular interval the analyzing power of pd dp scatter- 
ing jH S Hi at comparable energies, 0.425, 0.68, 0.8 
and 1.053 GeV, never exceeds 0.12.) The increase of Ay 
with decreasing energy from 0.8 to 0.5 GeV is expected 
from the ONE-I-SS-I-A model, however, the magnitude 
is grossly underestimated. Different A^iV-interaction po- 
tentials (RSC, Paris) do not improve the description. We 
recall that the model describes reasonably well the un- 
polarized cross section 18] (x^/d.f. = 1.8) and has no 
free parameters. The inadequateness of the model to 
describe Ay at 0.5 GeV may be related to the spin struc- 
ture of the A-mechanism, given here by the Born term of 
the TT + p meson exchange in the A^A^ — > AA^ transition 
[l^ . (A similar problem was observed recently 
at lower energies, where, however, the role of the A is 
much weaker.) Improvements may be achieved by using 
a coupled channel A^A^ and A^A calculation as was done 
for the pN {pp)iSgTT process [ll| . 
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FIG. 4: Angular dependence of the analyzing power Ay 
as function of the neutron polar angle S^"*' for Tp — 0.5 
(•) and 0.8 GeV (o). The lines show predictions for Ay at 
0.5 GeV (solid) and 0.8 GeV (dashed) from the ONE + SS 
-I- A model 0,0, with the CD-Bonn potential. 

In summary, a large analyzing power is observed in 
the pd {pp)iSo^ process at 0.5 GeV and a value close 
to zero at 0.8 GeV, significantly differing from the be- 
havior of Ay in pd backward elastic scattering. The 
observed disagreement of the ONE-fSS-l-A model pre- 
dictions with the measured Ay clearly demonstrates the 



need to reconsider the spin structure of three-body forces 
related to the A-mechanism. Further insight into the 
short-range structure of the deuteron can be achieved 
from a measurement of the tensor analyzing power T20 
in pd (pp)iSo"'' preparation at ANKE, for which 
the theoretical predictions are more robust than for Ay. 
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TABLE I: Experimental results of Ay in pd — > (pp)n. 





(Tp = 0.5 GeV) 


{Tp = 0.8 GeV) 


e-'"- [deg] 


Ay zb (J Stat i <^syst 


Ay ± (Tstat ± asyst 


167 


0.83 ±0.19 ±0.02 


0.12 ±0.19 ±0.01 


1 RQ 




nil + n 1 1 + n ni 


171 


0.55 ±0.08 ±0.01 


0.06 ±0.09 ±0.01 


173 


0.46 ±0.07 ±0.01 


0.14 ±0.08 ±0.01 


175 


0.35 ±0.07 ±0.01 


0.05 ±0.09 ±0.01 


177 


0.12 ±0.09 ±0.01 


0.03 ±0.11 ±0.01 


179 


-0.07 ±0.18 ±0.01 


0.18 ±0.19 ±0.01 



